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013.04.0Abstract A direct drive actuator (DDA) with direct drive valves (DDVs) as the control device is an
ideal solution for a ﬂight actuation system. This paper presents a novel triple-redundant voice coil
motor (TRVCM) used for redundant DDVs. The TRVCM features electrical/mechanical hybrid
triple-redundancy by securing three stators along with three moving coils in the same frame. A per-
manent magnet (PM) Halbach array is employed in each redundant VCM to simplify the system
structure. A back-to-back design between neighborly redundancies is adopted to decouple the mag-
netic ﬂux linkage. The particle swarm optimization (PSO) method is implemented to optimize
design parameters based on the analytical magnetic circuit model. The optimization objective func-
tion is deﬁned as the acceleration capacity of the motor to achieve high dynamic performance. The
optimal geometric parameters are veriﬁed with 3D magnetic ﬁeld ﬁnite element analysis (FEA). A
research prototype has been developed for experimental purpose. The experimental results of mag-
netic ﬁeld density and force output show that the proposed TRVCM has great potential of appli-
cations in DDA systems.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.Open access under CC BY-NC-ND license.1. Introduction
Electro-hydraulic actuators are widely implemented in aircraft
ﬂight control. Servo valves are the key components to control
actuators’ motions. The most commonly used servo valves are82338917.
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09two-stage servo valves, i.e., a nozzle ﬂapper servo valve and a
jet pipe pilot servo valve. Despite a number of merits, they are
all sensitive to oil contamination, which causes frequent servo
malfunctions. Due to its directly driven valve spool by electro-
mechanical transmissions, a direct drive valve (DDV) is supe-
rior to a two-stage electro-hydraulic servo valve in its robust-
ness to oil contamination, simple structure, low cost, and
high reliability. As an ideal solution to digital ﬂy-by-wire sys-
tems,1 direct drive actuators (DDAs), i.e., actuators with
DDVs, are hot research topics in the past two decades, and
have been widely implemented in modern aircrafts, such as
B-2, EFA-200, YF-23A, and F-22.1,2
The electro-mechanical transmission equipment is the cru-
cial component for a DDV. There are various types of DDVs
that have been developed, which can be classiﬁed by theirSAA & BUAA.Open access under CC BY-NC-ND license.
Fig. 1 Structure of a conventional VCM.
1072 S. Wu et al.electro-mechanical devices. For example, the piezoelectric
(PZT) DDVs proposed by Lindler and Anderson3 and Sente
et al.,4 and the commercialized DDVs with a moving-iron lin-
ear motor5 and a moving-coil linear motor (voice coil motor,
a.k.a. VCM)6,7 developed by Parker et al. PZT DDVs can
generally achieve high dynamic performance. However, high
cost and limited stroke constrain their applications. Although
moving-iron linear motors can achieve stable motions with low
cost, their frequency response cannot meet the dynamic
requirement of aircrafts.
A VCM is an alternative solution that balances output per-
formance and cost well. It helps to achieve fast dynamic re-
sponse and easy controllability, whereas maintains the
system’s low cost. The shortcoming of a VCM is that its thrust
is usually smaller than that of a moving-iron linear motor.
Thus, the thrust of a VCM needs to be improved to overcome
the ﬂow and inertia forces in DDVs. The force of a VCM is
mainly dependent on the magnetic ﬂux density in air gap
and the coil current. Because high current may cause serious
heating problems, increasing the ﬂux density in air gap is the
major solution to improve the force output of a VCM. Several
methods have been proposed by researchers to increase the
ﬂux density of VCMs. For example, Encica et al.8 proposed
a spacing mapping technique to optimize the magnetic loop
of cylindrical VCMs. Xu and Chang9 developed an improved
tubular moving-coil linear machine by using quasi-Halbach
magnet. Song et al.10 presented a genetic algorithm method
to obtain optimal parameters of a small VCM. Due to the high
reliability requirement, a redundant structure is important for
an actuation system11 which also applies to a DDA. Di Rito
et al.12–14 developed a quadruple redundant direct-drive motor
for aerospace servo valves. Guo et al.15 presented a 4-redun-
dant brushless DC torque motor. No study on redundant
structures of VCMs has been found in literatures.
Therefore, the purpose of this study is to develop a new tri-
ple-redundant voice coil motor (TRVCM) for applications in
DDAs. A VCM with a permanent magnet (PM) Halbach array
suitable for the design of a redundant structure is proposed. A
back-to-back PM arrangement between neighborly redundan-
cies is utilized to avoid the magnetic ﬂux linkage coupling. De-
sign optimization by the PSO (particles swarm optimization)
method is adopted to determine parameters based on the mag-
netic-ﬁeld analytical model. The optimized TRVCM has high
air-gap magnetic-ﬁeld density and good acceleration capacity
to meet the dynamic performance requirements. Experiments
are performed on prototypes to validate potential application
in fault-tolerant DDAs.
The rest of this paper is organized as follows. The design of
the TRVCM is presented in Section 2. The analytical formula
of the proposed TRVCM and optimization are discussed in
Section 3. Section 4 gives the experiment results followed by
the conclusions in Section 5.Fig. 2 Structure of a VCM with Halbach array.2. Design of TRVCM
2.1. VCM with Halbach array
The structure of a conventional VCM is shown in Fig. 1.
They meaning of symbols in Fig. 1 are: r is radius of inner
yoke; g denotes thickness of air gap; h is thickness of PM;
W is width of VCM; Lm is length of PM; S1 and S2 aresectional areas of inner yoke and outer yoke, respectively; b
denotes distance from PM to end yoke; N and S denote
magnetic poles; z and R are the axis direction and radius
direction of VCM, respectively. PMs are mounted around
the mover inside the annular groove of a yoke, and magne-
tized in its radial direction. The magnetic ﬂuxes pass through
inner, end, and outer yokes to form a magnetic ﬂux circuit.
The windings are placed in the air gap. The axial force is
generated when current ﬂows through the windings, accord-
ing to the Lorenz theorem.
The air gap of a redundant VCM should be long enough for
placement of multiple windings. Thus, if the TRVCM is de-
signed with a conventional structure, a long PM is needed. Be-
cause magnetic permeability of yokes is limited by material
characteristics, the ﬂux density in the yokes becomes saturated
when the PM is very long. It may reduce the air gap magnetic
ﬂux density signiﬁcantly. Thus, this structure is inappropriate
to form redundancy. In order to solve this problem, this paper
proposes a new VCM design which structure diagram is shown
in Fig. 2 and the symbols different to Fig. 1 are: Lm length of
PM 1 and 2, b the width of PM 3. As illustrated in Fig. 2, it has
three rings of PMs. PM1 and PM2 are magnetized in the ra-
dius direction, and PM3 is magnetized in the axial direction.
This design has two major improvements compared with con-
ventional VCMs. (1) The two radial PMs (PM1 and PM2) are
magnetized in opposite directions. The magnetic ﬂuxes of PM1
and PM2 go through the inner and outer yokes to form a mag-
netic close circuit. Thus, no ending yoke is required. Redun-
dancies can be achieved by connection of same modules in
series. (2) The axially magnetized PM3 together with PM1
and PM2 form a magnetic Halbach array. Part of the magnetic
ﬂuxes produced by PM3 cancel the ﬂux in the outer yoke and
the rest of the ﬂuxes reinforce the ﬂux in the air gap and the
inner yoke. The beneﬁt is that the total ﬂux in the inner yoke
is larger than that in the outer yoke. Therefore, the section area
of the outer yoke (S2) is smaller than that of the inner yoke
(S1). Thus, the radius of the inner yoke (r) can be larger with
the same maximum geometric constraint. Larger r means
A fault-tolerant triple-redundant voice coil motor for direct drive valves: Design, optimization, and experiment 1073longer coil wire, which enhances the current thrust coefﬁcient
further. The symmetrical structure can improve the uniformity
of the air gap ﬂux distribution that in turn facilitates the
motion control of the VCM.
2.2. Redundancy design
The structure of the proposed triple-redundant VCM is
shown in Fig. 3. It is composed of three individual VCMs in
series. Two ways are employed to eliminate the inﬂuence
between neighborly redundancies. The ﬁrst is to install an
aluminum ring between two redundancies. It gives an interval
between two redundancies which will beneﬁt for separating
the magnetic ﬂux linkage between neighborly redundancies.
The second one is the back-to-back design of neighborly
redundancies. The magnetization directions for adjacent
redundancies are opposite. For example, both the PM2 of
set 1 and PM1 of set 2 are magnetized in the same radial
direction. Therefore, the ﬂux of set 1’s PM2 repels with set
2’s PM1. It decreases the ﬂux linkage coupling between
adjacent redundancies. In this PM design, to get the same
direction force of redundancies, the current direction is also
opposite for neighborly redundancies.
3. Optimization of VCM
3.1. Electromagnetic design speciﬁcations
This section focuses on the design optimization to achieve
high thrust under maximum size constraint. Since each
redundancy is relatively independent, the optimal process
only considers one single VCM. The most important param-
eters of the proposed VCM include h, t, g, r, Lm, and b. The
sum of h, t, g, and r is half of the width constraint W. Trade-
off exists among parameters. For example: (1) large h means
high magnetic power, and beneﬁts the air gap ﬂux density.
However, it may decrease r and t under the constraint W.
Very small r and t may cause magnetic ﬂux saturation of
yokes, which in turn leads to magnetic power loss; (2) an in-
crease of g allows more winding turns to improve thrust, but
may decrease the ﬂux density and increase the coil weight,
which compromises the dynamic performance; (3) r and t
should be balanced to ensure the inner and outer yokes work
with the highest permeability without saturation; (4) an in-
crease of Lm also means more winding turns, which helps
to achieve high electromagnetic thrust, but a long PM mayFig. 3 Structure of a triple-redundant VCM.cause yoke saturation for limited r and t, which in turns
decreases the ﬂux density; (5) b should be considered together
with Lm, r, and t.
3.2. Electromagnetic analytical model
The magnetic circuit of the proposed VCM is considered in
two individual circuits in parallel, i.e., the radial and axial
PM circuits in Fig. 4. Hxðx ¼ 1; 2;    ; 12Þ magnetic ﬁeld
strengths of each segmentation, for example, H1: the magnetic
ﬁeld strength in the PM 1, H2: the magnetic ﬁeld strength in
the air gap.
Two PMs and two yokes form the radial PM ﬂux circuit.
The ﬂux strength is calculated with
hH1 þ gH2 þ
Z Y3
0
H3y3dy3 þ gH4 þ hH5 þ
Z Y6
0
H6y6dy6
¼ 2hHc ð1Þ
where Hc is the coercive force of the PM, y3 and y6 are the
path of the ﬂux through the inner yoke and outer yoke,
respectively, and Y3 and Y6 represents the length of y3 and
y6, respectively. The inner and outer yokes are both made
of steel with high magnetic conductivity. The magnetization
curve of the iron material is shown in Fig. 5. The B–H curves
indicate that when the B in the yokes is smaller than the sat-
uration value, the magnetic ﬁeld intensity in the yokes is
much smaller than that in the air gap or the PM. It means
that H3 and H6 could be negative in the ﬂux circuit when
the yokes are unsaturated. It is an important design rule
for the VCM. The ﬂux saturation may lead to high hysteretic
loss.
When there is no saturation, the magnetic strength in
the yokes (H3 and H6) is neglected, and Eq. (1) is
simpliﬁed to
hH1 þ gH2 þ gH4 þ hH5 ¼ 2hHc ð2ÞFig. 4 Radial and axial PM circuits.
Fig. 5 B–H curves of air, PM, and steel.
1074 S. Wu et al.It can be written by replacing Hx with Bx
h
B1
lm
þ gB2
la
þ gB4
la
þ h B5
lm
¼ 2hHc ð3Þ
where Bxðx ¼ 1; 2;    ; 12Þ is the average ﬂux density of each
segment in the magnetic ﬂux circuit, lm is the relative perme-
ability of the PM, and la denotes the permeability of air. Be-
cause of the symmetric structure, B1 ¼ B5 and B2 ¼ B4.
Assume that there is no magnetic ﬂux leakage. The ratio of
B1 to B2 is
B1
B2
¼ rþ 0:5ðhþ gÞ
rþ 0:5g ð4Þ
Thus, the average magnetic ﬁeld density in the air gap can be
calculated with
h
rþ 0:5ðhþ gÞ
rþ 0:5g 
B2
lm
þ gB2
la
¼ hHc ð5Þ
In Fig. 4 (b), the axial ﬂux is divided into two parts. One part
runs into the outer yoke while the other into the inner yoke.
The ﬂux strengths of these two paths satisfy Eqs. (6) and (7).
Z Y7
0
H7y7dy7 þ
Z Y8
0
H8y8dy8 þ
Z Y9
0
H9y9dy9 ¼ bHc ð6Þ
Z Y10
0
H10y10dy10 þ
Z Y12
0
H12y12dy12 þ
Z Y11
0
H11y11dy11
¼ bHc ð7Þ
where yxðx ¼ 7; 8;    ; 12Þ represents the path of each segment
in the magnetic circuit and Yxðx ¼ 7; 8;    ; 12Þ are the lengths.
Assume that the yoke is under saturation. ThusH8 andH12 are
neglected. The real paths of y7, y8, y10, and y11 cannot be ex-
pressed in simple formulas. For simpliﬁcation, assume that this
path is along a quadrant with a radius of 0:5ðgþ hÞ, and
H7 ¼ H9 ¼ H10 ¼ H11 with constant values. Then Eqs. (6)
and (7) are simpliﬁed to
H7 ¼ H9 ¼ H10 ¼ H11 ¼ bHc 1pðgþ hÞ ð8Þ
The relative permeability of the PM is used to calculate the
magnetic ﬁeld density. Eq. (8) is written as
B7 ¼ B9 ¼ B10 ¼ B11 ¼ lmbHc
1
pðgþ hÞ ð9Þ3.3. Particle swarm optimization of VCM
The purpose of design optimization is to ﬁnd one set of t, g, h,
r, Lm, and b to obtain the highest thrust. The minimal thick-
ness of the outer yoke t cannot be too thin. In this study, set
t ¼ 2 mm for stiffness and machine requirement. The sum of
t, g, h, and r is the widthW. Thus, there are only two indepen-
dent parameters out of these four. The air gap thickness g can-
not vary continuously. Deﬁne the wire diameter as
dw ¼ 0:5 mm. For winding convenience, the layer of winding
n should be even. In this study, let n equal 2, 4, and 6 layers.
Thus the thicknesses of the windings are 1mm, 2 mm, and
3 mm, respectively. The total thickness of the coil frame and
motion gap is 1mm. The values of g are 2 mm, 3 mm, and
4 mm. Let r be the free parameter. Then, h ¼ W t g r.Therefore, there are three independent parameters r, Lm, and
b that should be optimized.
There are several optimization methods, such as the ge-
netic algorithm (GA)9,16 and the particle swarm optimization
(PSO)17,18 method. In this study, the PSO method is
adopted due to its ﬁne global convergence and easiness to
apply. In PSO, a swarm of particles are represented as po-
tential solutions, and each particle i is associated with two
vectors, i.e., the velocity vector Vi ¼ ½v1i ; v2i ;    ; vDi  and the
position vector Xi ¼ ½x1i ; x2i ;    ; xDi , where D represents the
dimensions of the solution space. In this study, D is 3. Dur-
ing the evolutionary process of PSO, the particles are ﬁrst
initialized randomly in the solution space. Then, the parti-
cles ‘‘ﬂy’’ to search the global optimization positions under
the rule of
vdiþ1 ¼wvdi þ c1randðÞdi ðPBESTdi xdi Þþ c2randðÞdi ðGBESTdxdi Þ
xdiþ1 ¼ xdi þ vdiþ1
(
ð10Þ
where w is the inertia weight, c1 and c2 are the acceleration
coefﬁcients, and randðÞdi are two uniformly distributed random
numbers dependently generated within ½0; 1 for dth dimension.
In Eq. (10), PBESTdi is the position with the best ﬁtness value
for the ith particle and dth dimension, and GBESTd denotes
the best position for all particles. A user-speciﬁed parameter
Vdmax 2 R is applied to clamp the maximum velocity of each
particle on the dth dimension. Thus, if the magnitude of the
updated velocity vdi exceeds V
d
max, v
d
i is assigned the value of
signðvdi ÞVdmax. A linear decreasing of w is adopted to enhance
the convergence and stability ability of PSO.
w ¼ wmax  ðwmax  wminÞ g
G
ð11Þ
where g is the evolutionary generation index and G is the pre-
deﬁned maximum number of generations. The maximal and
minimal weights, wmax and wmin, are usually set to 0:9 and
0:4, respectively.19,20
For DDV applications, the highest accelerating ability of a
motor in rated current means better dynamic response. This
ability can be indexed as BLc=m. These symbols are explained
as follows:
(1) B is the magnetic density of the air gap. Because the
magnetic ﬂux ﬂows along the path where the magnetic
conductivity is highest, we can assume that the ﬂux of
PM3 inside the cylinder with a radius of r þ ðg þ hÞ=2
goes through the inner yoke while the other ﬂuxes
through the outer yoke (Fig. 4). Let the magnetic
density of the air gap B be constant. It can be denoted
as
B ¼ B2 þ B7S3mi
Sa
ð12Þ
where Sa is the average area of the air gap
Sa ¼ 4p rþ g
2
 
Lm ð13Þ
S3mi is the annular area of PM3 inside the radius of ðgþ hÞ=2
which is denoted as
S3mi ¼ p rþ gþ h
2
 2
 ðrþ gÞ2
" #
ð14Þ
Table 1 Constants of VCM.
Parameters Value
Permeability of vacuum l0 ðH=mÞ 4p 107
Permeability of PM lm ðH=mÞ 1:099778l0
Permeability of air la ðH=mÞ 1:000004l0
A fault-tolerant triple-redundant voice coil motor for direct drive valves: Design, optimization, and experiment 1075(2) Lc is the winding length
Lc ¼ 2pz rþ g
2
 
ð15Þ
where z ¼ 2nLm=dw is the number of winding turns
(3) m is the total mass of the moving part, which includes
the mass of coil frame, winding, and load. The mass of
coil mc varies with the length of winding
mc ¼ Lcm0 ð16Þ
where m0 is the mass of unit length wire. Deﬁne the mass of
coil frame as mf. The volume is a geometric equation of r, b,
and Lm. Deﬁne the mass of load as ms. The total mass is
m ¼ mc þmf þms ð17Þ
Another important aspect of optimal design is to fully utilize
the conduction ability of the yokes but avoid saturation. Thus
we add an item of saturation mark in the objective value. This
item should decrease the ﬁtness value signiﬁcantly when the
yokes are saturated. In Fig. 2, the maximal ﬂux density in
the inner and outer yokes happens on section S1 and S2.
Assume there is no ﬂux leakage. The ﬂux densities at S1 and
S2 areFig. 6 Optimization results of ﬁtness value.
Mass of unit length wire m0 ðg=mÞ when dw ¼ 0:5mm 1:7
Flux saturation value of yoke Bmax ðTÞ 1:5Bs1 ¼ BSa=S1 ð18Þ
Bs2 ¼ BSa  B7S3mo=S2 ð19Þ
respectively, where S1 and S2 are section areas of the inner and
outer yokes. S3mo is the annular area of PM3 outside of
ðgþ hÞ=2
S3mo ¼ p ðrþ gþ hÞ2  rþ gþ h
2
 2" #
ð20Þ
The ﬁtness value of PSO optimization can be deﬁned as
J ¼
0 if Bs1 or Bs2 > Bmax
BLc=m else
8><
>: ð21ÞFig. 7 Optimization resultswhere Bmax is the saturate ﬂux density of the material of the
yokes. Then, the PSO method is used to optimize the parame-
ters, r, Lm, and b. The ranges of these parameters are
r 2 ½12; 20 mm, Lm 2 ½6; 12 mm, and b 2 ½2 ; 4  mm. The
number of particles is 50, and the maximum evolution step is
200. The constants used in optimization are listed in Table 1.
The optimization process is shown in Figs. 6 and 7. The re-
sults are divided into three groups by different layers of wind-
ings. Fig. 6 is the objective value versus the evolution steps. It
indicates that the evolution speed of the PSO method is very
quick. The PSO gets an objective value only in several steps.
It improves slowly with the evolution steps. Comparing three
groups of results, it shows that the objective value of two layers
is smaller than those of four and six layers due to the shorter
wire length, while the four-layer design is similar to theof geometric parameters.
Table 2 Optimization results.
Parameters Two-layer windings
(g ¼ 2mm)
Four-layer windings
(g ¼ 3mm)
Six-layer windings
(g ¼ 4mm)
Radius of inner yoke rðmmÞ 18.7 16.2 14.1
Thickness of radial PM hðmmÞ 7.23 8.75 9.8
Length of radial PM LmðmmÞ 11.5 11.5 11
Thickness of axial PM hðmmÞ 4 4 4
Average air gap magnetic ﬂux density BðTÞ 0.91 0.834 0.774
Force constant (N=A) 10.4 17.12 20.79
Average magnetic ﬂux density at section S1 Bs1ðTÞ 1.17 1.29 1.37
Average magnetic ﬂux density at section S2 Bs2ðTÞ 0.816 0.637 0.508
Acceleration for unit current (m s2 A1) 291.2 331.23 331.52
1076 S. Wu et al.six-layer one. Although six-layer windings lead to higher num-
ber of turns that may enhance the force constant, they increase
not only the thickness of the air gap that decreases the air gap
magnetic ﬂux density, but also the mass of the moving coil.
Therefore, four-layer windings can be a better solution if they
satisfy the force requirement.
The evolution process of the four geometric parameters is
shown in Fig. 7. Fig. 7(a) presents the evolution values of h
in three conditions. The six layers require the thickest PM
due to the largest air gap. Fig. 7(b) indicates the evolution val-
ues of Lm. Two and four layers reach a similar value, and the
value of six layers is a little bit smaller. Fig. 7(c) shows the evo-
lution values of r. Six layers have the smallest r due to the big-
gest h and g. Small r means short wire of each turning of
winding. It is harmful for getting big thrust coefﬁcient.
Fig. 7(d) indicates that b reaches the upper limitation for three
conditions, which means that an increase of b is helpful forFig. 8 3D FEA reshigh performance, but it is only for an ideal condition. In real
applications, too big b makes the ﬂux path longer and the ﬂux
saturated.
The optimization results for three conditions are shown in
Table 2. The four and six layers’ values of acceleration for unit
current are very close, but the average magnetic ﬂux densities
for the four-layer design at sections S1 and S2 are smaller than
those of six layers. Therefore, if the force constant of four lay-
ers meets the application requirement, four-layer winding is
the best choice. The TRVCM in this study is designed for a
DDV used as the pilot stage in DDA. The requirement of ﬂow
rate for this pilot DDV is only 5 L=min. The ﬂow force in the
axial direction is
F ¼ Q
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2qDP
p
cos h ð22Þ
where Q is the ﬂow rate, q the oil density, h the jet angle, DP
the differential pressure between upstream and downstreamults of TRVCM.
A fault-tolerant triple-redundant voice coil motor for direct drive valves: Design, optimization, and experiment 1077oriﬁce. Usually, let 2DP ¼ 7MPa, h ¼ 69. Then the ﬂow force
approximates to 4:6N. The force constant of four-layer wind-
ings is big enough. This study chooses four-layer windings.
The maximum acceleration of four layers is 331 m s2 A1.
It means the designed VCM can meet the acceleration require-
ment of high-frequency response. For example, the maximum
acceleration of 200 Hz, 0.4 mm sinusoid motion is 631m=s2;
the required excite current is only 2 A. Therefore the TRVCM
has a great potential for developing high-frequency response
servo valves.
3.4. Veriﬁcation by FEA
To verify the optimized design parameters from the PSO meth-
od, the ﬁnite element analysis (FEA) on 3D static magnetic
ﬁeld is carried out. The results are shown in Fig. 8. Fig. 8(a)
shows the mesh of the 3D model of a TRVCM. Fig. 8(b)–(d)
show the magnetic ﬁeld density distribution in the outer yoke,
the air gap, and the inner yoke, respectively. The magnetic ﬁeld
density indicates that the FEA results are in good agreement
with the analytical results. The magnetic ﬁeld circuits of the
TRVCM are independent and uniform. Fig. 8(b) indicates that
the maximum magnetic ﬁeld density in the outer yoke happens
in the middle section of each redundant VCM (S2 in Fig. 2),
and the maximum ﬂux density is lower than 1:5T under satu-
ration. Fig. 8(c) indicates that the magnetic ﬁeld distribution in
the air gap is uniform and the magnetic ﬁeld density is close to
0:9T, which is a high value for VCMs. Fig. 8(d) indicates that
the maximum magnetic ﬁeld density in the inner yoke is lo-
cated in the middle section of each redundancy (S1 in
Fig. 2). The magnetic ﬁeld density in the inner yoke is higher
than that in the outer yoke. It is coincident to the analytical
result (Table 2), but still lower than 1:7T. It is also an accept-
able value for the iron materials.Fig. 9 Magnetic ﬁeld density in the air gap along a line.
Fig. 10 TRVCM protoTo have more accurate values of magnetic ﬁeld density in
the air gap, a check line is drawn in the air gap along the axial
direction (Fig. 8(c) and (d)). The magnetic ﬁeld density along
the line is illustrated in Fig. 9. It shows that the magnetic ﬁeld
densities of three redundancies are uniform. Due to the
back-to-back design, the magnetic directions of neighborly
redundancies are opposite. The maximum magnetic ﬁeld
density in the middle of the air gap is over 0:9T and the
average value is about 0:8T which is in agreement with the
analytical result.
4. Experiments on magnetic ﬁeld and force output
Based on the PSO optimization and FEA simulation, a proto-
type of TRVCM is developed as shown in Fig. 10. The
TRVCM driver includes three individual VCM drivers. Each
VCM driver controls a redundant coil of the TRVCM.
4.1. Magnetic ﬁeld measurement
The ﬁrst experiment is to measure the magnetic ﬁeld density in
the air gap to verify the simulation results. The test rig for
magnetic ﬁeld density is illustrated in Fig. 11. It is measured
by an automatic gauss meter. The magnetic probe is ﬁxed on
a two degree-of-freedom (2-DOF) step motor motion stage.
The motion stage is controlled by the step motor controller
and can control the probe motion along a desired path. The
measured result can not only be read from the LED monitor
but also recorded by the sample computer through a RS232
bus. The probe is controlled to move along the axial direction.
The test result is shown in Fig. 12. Because of the length lim-
itation of the probe, only two redundancies of the TRVCM are
measured. The measured value is consistent with the FEA re-
sult except that the magnetic ﬁeld density is a bit smaller than
the simulation result. That is because the residual ﬂux density
of permanent magnetic material is smaller than the set value.type and its driver.
Fig. 11 Test rig for TRVCM’s air gap magnetic ﬁeld density.
Fig. 13 Measured current force curves.
Fig. 12 Measured air gap magnetic ﬁeld density.
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The second experiment is to measure the current-force charac-
teristic by a force meter. Single, dual, and triple redundancies
are excited with proportional current respectively. The mea-
sured static forces are shown in Fig. 13. It indicates that the
force is directly proportional to the current input. For single
redundancy, the maximum force on 6A is 93:64N, which
means the current force coefﬁcient is about 15:6N=A. This
coefﬁcient is a bit smaller than the ideal value in Table 2. There
are two reasons for thrust decrease. The main reason is the
magnetic ﬁeld density of the prototype is smaller than that
of the simulation model. Comparing Figs. 9 and 12, the aver-
age magnetic ﬁeld density of the prototype is about 95% of the
simulation result. The secondary reason is the actual number
of winding turns is slightly less than the ideal value, but this
value of current-force coefﬁcient is still high enough for re-
quired DDV applications.
5. Conclusions
In summary, a novel TRVCM for fault-tolerant DDAs is pro-
posed in this paper. A permanent magnet (PM) Halbach array
is employed in each redundant VCM and a back-to-back de-
sign between neighborly redundancies is adopted to decouple
the magnetic ﬂux linkage. A PSO method is proposed to ob-
tain the optimum geometric parameters based on the magnetic
analytical model. The 3D static magnetic FEA of the TRVCM
with optimized parameters is carried out. The FEA results are
in good agreement with the analytical results. It indicates the
correctness of the analytical model. A prototype of the devised
TRVCM is developed. The air gap magnetic ﬁeld density and
static force performance indicate that the proposed TRVCM is
an alternative for DDA systems.Acknowledgements
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